the performance of photocathodes for solar hydrogen production. [ 9 ] Compared to a planar reference, the implementation of nanopillars improved both photocurrent and onset potential, but the exact mechanism for this improvement remained unclear.
Results and Discussion
Nanopillars are fabricated via maskless, lithography-free reactive ion etching (RIE). The entire device fabrication avoids the use of expensive metal-organic precursor gases necessary for the fabrication of III-V solar cells via traditional chemical vapor deposition. In addition, we recently introduced a thinfi lm vapor-liquid-solid growth technique for the growth of high-quality InP thin fi lms (1-3 µm) on cheap non-epitaxial substrates, [ 10 ] enabling future elimination of the thick (350 µm) expensive InP wafers used in this work which, together with the precursor gases, represent the dominant cost drivers for III-V photovoltaics. [ 11 ] A sketch of the fabrication fl ow is shown in Figure 1 a. Zndoped p-type InP wafers with a carrier density of 3 × 10 17 cm −3 are etched in hydrochloric (HCl) acid (6%) for 30 s to remove the native oxide. An ohmic backcontact is formed by sputtering a thin layer of Zn (20 nm) capped with a Au layer (100 nm) and subsequent annealing at 420 °C in forming gas (H 2 :N 2 = 5%) for 45 min. The front side is wet etched again in HCl (6%) and dry etched in a H 2 :CH 4 :Ar plasma (40 sccm: 10 sccm: 10 sccm) at a pressure of 110 mTorr, a power density of 0.5 W cm −2 and a bias voltage of 500-550 V to form the nanopillars. Following oxidation in a O 2 plasma [ 12 ] and etching in HCl (3%) for 30 s to remove undesired metallic indium residues and the defective InP layer (see discussion below) formed during the RIE process at the pillar surface, a conformal transparent conductive indium tin oxide electrode (ITO, In 2 O 3 :SnO = 90%:10%, 35 nm) is deposited by RF sputtering at room temperature at
The effect of nanopillar texturing on the performance of InP solar cells is investigated. Maskless, lithography-free reactive ion etching of InP nanopillars improves the open-circuit voltage, reduces refl ectance over a broad spectral range, and enhances the near-bandgap response compared to a fl at, non-textured cell with comparable refl ectance in the infrared. Electron-beam induced current measurements indicate an increased effective minority carrier collection length. The response at short wavelengths decreases due to the formation of a defective surface layer with strong non-radiative recombination. Plasma oxidation and wet etching partially restore the blue response resulting in a power conversion effi ciency of 14.4%.
Introduction
Nanopillar solar cells have attracted much attention with the promise of enhanced performance at lower cost. Compared to planar cell architectures, nanopillars can enhance light absorption and improve carrier collection, thereby requiring less material and tolerating lower material quality. [1] [2] [3] [4] [5] [6] However, increased non-radiative surface recombination associated with their large surface area often compensates performance gains and explains why, as of today, nanopillar solar cells have not yet been able to outperform their planar counterparts. [ 7 ] In contrast to other III-V semiconductors, untreated InP possesses a relatively low surface recombination velocity, [ 8 ] which makes it an ideal material system for large surface-area nanopillar devices. InP nanopillars were recently shown to improve 7 mTorr in Ar gas. Note that similar surface oxidation/etching concepts have been applied previously to other material systems, including Si nanopillars with a similar goal of improving surface properties. [ 13 ] For comparison, a fl at, non-textured reference device was fabricated by omitting the dry etching step and using a thicker ITO layer (70 nm) such that the refl ectance minimum, caused by destructive interference of incoming and refl ected light, falls into the center of the visible region of the spectrum, resulting in maximum light in-coupling into the InP absorber. Photolithography and liftoff were used to mask and pattern the cells into 5 × 5 mm 2 areas with evaporated 100 nm thick Ag grid with fi nger width and pitch of 11 µm and 490 µm (Figure 1 b) . Cells were characterized under simulated 1-sun illumination (1000 W m −2 , global air mass 1.5 spectrum, 25 °C). Figure 1 c shows scanning electron microscopy (SEM) images of the front surface of the fi nal solar cells as a function of RIE time. During RIE, InP is reduced in the hydrogenrich plasma and phosphorus leaves the surface. The remaining indium agglomerates into small indium droplets at the surface [ 14 ] which leads to self-masking during etching and consequently to the formation of InP nanopillars with a characteristic diameter on the order of 50 nm and increasing height which reaches ≈125 nm after 10 min etching as can be seen from Figure 1 c.
While RIE is usually detrimental for the electrical performance of a photovoltaic absorber layer, [ 15 ] we observe that nanotexturing leads to an improvement in opencircuit voltage ( V oc ) as seen in the currentvoltage ( J -V ) characteristics measured under 1-sun in Figure 2 a. The V oc increases from the initial 615 mV to 740 mV after 2 min RIE and saturates at 770 mV for etching times equal or longer than 10 min. The short-circuit current density ( J sc ) and fi ll factor (FF) also improve. Cell performance parameters are summarized in Table 1 . The highest power conversion effi ciency is obtained after 10 min RIE reaching 14.4%.
In the past, ion bombardement during ITO sputtering on fl at InP was suggested to cause defect-induced type conversion of the near surface region from p-type to n-type resulting in a buried homojunction. [ 16 ] This has been confi rmed in a series of experiments summarized in ref. [ 17 ] . Passivation of zinc acceptors was ruled out as the main cause for type conversion. Instead the formation of phosphorus vacancies was identifi ed as the dominant mechanism leading to type conversion. [ 18 ] Type conversion is also expected to be the main reason for the enhanced junction properties in RIE treated cells. In fact, InP possesses a strong tendency to convert to n-type when the native defect density is suffi ciently high, as the Fermi level stabilizes at an energy closer to the conduction band minimum than the valence band maximum. [ 19 ] This leads to the formation of a buried graded InP n-p homojunction which improves the V oc . In addition, the high n-type conductivity of InP in the near surface region contributes to the improvement in FF even at reduced ITO thickness. Defect induced stabilization of the Fermi energy has been explained within the amphoteric defect model. [ 20 ] Inspection of the external quantum effi ciency (EQE) shown in Figure 2 b reveals a strong enhancement in the near-bandgap response after 10 min RIE accounting for 2.6 mA cm −2 additional photocurrent for wavelengths longer than 700 nm. Importantly the refl ectance ( R ) of the textured cell (shown as 1-R in Figure 2 b) for wavelengths longer than 700 nm is very similar to the fl at cell owing to the proper thickness of the ITO layer. Thus the current enhancement cannot be attributed to a change of light in-coupling into the absorber, but must stem from a modifi cation of the generation or collection profi le in the absorber itself (see detailed discussion below).
From Figure 2 b, we further see that the short wavelength response below 700 nm is strongly attenuated resulting in a reduction of photocurrent by 2.4 mA cm −2 . This reduction occurs despite the fact that the nanopillars provide much superior antirefl ection than the interference-based and wavelengthdependent antirefl ection of the fl at cell, as can be seen from the refl ectance measurements also shown in Figure 2 b. The reduction in the short wavelength response can be explained with the formation of a highly defective "dead" layer at the InP surface in which photogenerated minority carriers recombine non-radiatively before being collected. Figure 3 a shows the EQE of a cell, for which the O 2 plasma oxidation step and HCl etch treatment, which serves to remove at least partially the dead layer after the RIE process, was omitted. The spectral response is strongly attenuated from 400 nm all the way up to 900 nm resulting in a marked shortcircuit current loss of 6.1 mA cm −2 compared to the textured cell fabricated with the dead layer removal step. However, repeating the O 2 plasma oxidation and HCl etch step to thin the dead layer further leads to only marginal further improvements in short-circuit current (0.2 mA cm −2 after 3 cycles) because of a simultaneous increase in cell refl ectance resulting from the fl attening of the nanopillar texture. Furthermore the open-circuit voltage starts to drop (30 mV after three cycles) resulting in a decrease of the overall power conversion effi ciency. 
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To better understand the origins of the enhanced nearbandgap response, we model the EQEs at each wavelength
The integral is performed over the depth z . R is the refl ectance of the cell (dashed lines in Figure 3 b ) measured with a photospectrometer. A ITO is the absorbance of the ITO layer (continuous lines in Figure 3 b ) determined by measuring transmittance T and refl ectance R of ITO on a glass slide and calculating A = 1 -T /(1 -R ). α InP is the experimental absorption coeffi cient of InP taken from literature. [ 21 ] The product (1 -R )(1 -A ITO ) (1 -exp(-α InP z )) represents the z -and λ -resolved optical generation profi le in InP shown in Figure 3 c. η col ( z ) represents the depth-dependent collection probability of excited minority carriers, which we obtain from electron-beam induced current (EBIC) traces shown in Figure 3 d measured at 10 keV for a cleaved device in cross-section. Similar profi les were obtrained over a range of probe currents in the low excitation limit. During EBIC measurements, impinging electrons generate minority carriers which are then extracted through the junction and measured as a current. As minority carrier generation by an electron beam is local, EBIC allows to map the spatially resolved collection probability which is proportional to the measured current. From Figure 3 d it can be seen that the EBIC signal, and consequently the collection probability, away from the surface increases strongly after RIE. This is consistent with the enhanced red response in the EQE as electron-hole pairs generated by long wavelength photons are generated deeper inside the bulk as can be seen from Figure 3 c. The characteristic decay lengths obtained by extracting the inverse slopes of a linear fi t to the initial linear range of the EBIC signal in Figure 3 d in a semi-logarithmic plot are 0.5 µm and 2.6 μm for the sample without and with reactive ion etching respectively. For the ideal case of an abrupt junction, the collection probability η col = 1 in the depletion region with width W decays exponentially in the quasi-neutral region η col = exp(-( z -W) / L d ) with a characteristic decay length corresponding to the minority carrier diffusion length L d , which is commonly extracted from EBIC traces. In contrast, RIE is expected to result in a graded junction such that the extracted value represents an improved effective collection length, which explains the enhanced red response and improved FF. In addition, we also expect that recombination of carriers due to the proximity of the crosssectional surface will affect the absolute magnitude of the collected current signature. The EBIC signal will show, however, the spatial variation of the collection effi ciency for a fi xed carrier generation depth.
In order to take the dead layer at the InP surface into account in our model we set η col = 0 for 0 ≤ z ≤ d dead , where d dead is the dead layer thickness. d dead respresents the only adjustable parameter in our model. All other values are taken from experiment. The simulated EQE curves (dashed lines) are shown in Figure 3 a along with the experimental EQE curves (continuous lines) discussed before. Although our simple model neglects nanophotonic and electrical effects due to the nanopillar morphology and treats the dead layer as an absorbing fl at slab of thickness d dead , the correspondence between model and experiment is excellent. From our model we extract dead layer thicknesses of 40 nm and 90 nm for the 2 min and 10 min etched samples respectively. This estimation roughly agrees with the maximum penetration depth of hydrogen atoms with a kinetic energy of 500-550 V (equal to the plasma bias) into fl at InP determined to be 50 nm by Monte Carlo simulations. [ 22 ] The maximum penetration depth for carbon and argon atoms is only of the order of 10 nm, but argon is heavy enough to lead to sputtering. The dead layer thicknesses are below the resolution limit of EBIC, which is given by the size of the interaction volume of the electron beam with InP and is approximately ≤1 μm for 1 keV electrons on InP.
Although nanopillar structures are often introduced into solar cells with the expectation of enhancing light absorption through nanophotonic light scattering, our modeling results show that such effects only play a secondary role here. In fact, incoming short wavelength light is expected to be scattered into shallower angles in the nanostructured case as compared to the planar case. However due to the dead layer, this effect is completely masked. For long wavelength light, the nanopillars can be assumed to act as an effective medium, with a mean refractive index weighted by the corresponding volumes of InP, ITO and air. Consequently scattering is only minimal and does not contribute signifi cantly to enhance light absorption within the collection length. However, the nanopillars prove to be an excellent broad band antirefl ective layer maximizing light incoupling into InP.
It remains surprising that RIE improves carrier collection far beyond the penetration depth of hydrogen species into InP, as evidenced by both the spectral dependence of the EQE and the cross-sectional EBIC. A similar phenomenon was also observed for other III-V materials. [ 23 ] Channeling was excluded as a suffi cient explanation as it can increase the penetration depth of atoms by a factor of ≈8 only. It is well known that the presence of hydrogen accelerates the decomposition of InP through the depletion of phosphorus. [ 24 ] This can be thought of as a generation source for phosphorus vacancies at the surface, which then diffuse into the bulk due to the creation of a strong chemical potential gradient. In addition, an electric fi eld builds up in the depletion region due to the type conversion of the near-surface region. This can result in an additional drift component of positively charged phosphorus vacancies, which drives them into the bulk. Note that within the amphoteric defect model, the effective charge state of native defects, such as phosphorus vacancies, also depends on the position of the Fermi level with respect to the Fermi stabilization energy. In p-type InP, this would suggest native defects act as donors.
An alternative to improve the red response in fl at ITO/InP solar cells was demonstrated in ref. [ 25 ] by reducing the carrier concentration in the InP wafer. Figure 4 compares EQE measurements for InP cells with ionized bulk acceptor concentrations of 3 × 10 17 cm −3 as for all previous cells and a lower concentration of 3 × 10 16 cm −3 . The short-circuit current for the fl at and nanopillar textured cell improves by 1.2 mA cm −2 and 1.6 mA cm −2 respectively. For both cells the enhancement happens over the full spectral range. However in both cases the fi ll factor drops due to the higher series resistance of the bulk wafer in agreement with ref. [ 25 ] compensating the improved current.
Conclusion
In conclusion, we have fabricated InP nanopillar solar cells with a power conversion effi ciency of up to 14.4%. Nanopillars minimize the cell refl ectance over a broad spectral range. The enhanced near-bandgap response is well explained by EBIC results showing improved carrier collection from the bulk consistent with the formation of a graded buried junction during RIE. Cell effi ciencies can be improved further by reducing/ avoiding the formation of a dead layer, while maintaining a high open-circuit voltage. In the future, the nanopillar fabrication and device architecture reported here will be applied to boost the performance of thin InP fi lms (1-3 µm) grown by the thin-fi lm vapor-liquid solid growth technique introduced recently. [ 10 ] 
